• Muscle recruitment order is modified during an arm raise task at different velocities. 30 • Muscle fatigue or an increase in velocity alone do not subtantially modify activation The balance between the trapezius and serratus anterior (SA) muscles maintains 35 the dynamic stability of the scapula during arm movement (Ludewig et al., 2004; Kibler 36 et al., 2007; Larsen et al., 2013; Hwang et al., 2017; Kara et al 2017) . These functions 37 depend on muscle strength and appropriate motor control, i.e., appropriate onset latency 38 (timing) and muscle recruitment order (Cools et al., 2003; Phadke & Ludewig, 2013; 39 Struyf et al., 2014) . In the scapular muscles, the onset latency has been typically 40 quantified as the time between the electromyographic (EMG) activation of a specific 41 muscle and the activation of the anterior deltoid which is the primary motor muscle 42 (Phadke & Ludewig, 2013) . Thus, the latency of the muscles surrounding the scapula, 43 and their recruitment order during the execution of a motor task, can be calculated. 44 To our knowledge, there are few reports on the influence of velocity of 45 movement on scapular muscle activation latency and recruitment order. It has been 46 observed that the scapulohumeral rhythm has a ratio of 2:1 during movements at low-47 velocity (Sugamoto et al., 2002; Prinold et al., 2013) , while during movements at high- 48 velocity, the scapular contribution is higher (Sugamoto et al., 2002) . On the other hand, 49 Roy et al. (2008) showed that the activation latency of the scapular muscles, under a 50 condition of no-fatigue, is modified at different arm raise velocities (Roy et al., 2008) . 51 Thus, there is inconsistency in the reported influence of velocity on scapular muscle 52 motor control strategies. 53 Instability (Myers et al., 2004) , the "subacromial impingement" syndrome 54 (Cools et al., 2003; Phadke & Ludewig, 2013) , the level of contraction (Myers et al., the glenohumeral and scapular muscles. It is possible that scapular motor control is most 57 demanding with high-velocity movements (Sugamoto et al., 2002; Thomas et al., 2003) M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 on scapular muscle activation latency and recruitment order during a voluntary 81 (predictable) arm raise task, in healthy individuals. We hypothesized that the presence 82 of fatigue in the scapular muscles, during an arm raise task at high-velocity, would 83 modify scapular muscle activation latency and recruitment order. per group (high and low velocity) was calculated based on a 95% confidence interval, a 105 power of 0.8, and an expected 15% loss. A mean of 159.6 ms and a standard deviation 106 of 56.4 ms for UT onset latency was obtained in a previous study (Cools et al., 2002) , 107 and was considered for the sample size calculation. Exclusion criteria were: (1) BMI 108 greater than 29.9 kg/m 2 , as the extra subcutaneous tissue can compromise the quality of Anthropometric assessments of the participants (weight and height), and warm-130 up exercises of the scapular and rotator cuff muscles, were performed at the beginning 131 of each session (day 1 and 2). Prior to electrode placement, the hair was shaved and the 132 skin was cleaned with dermoabrasive paper and 70% isopropyl alcohol solution, to 133 reduce the impedance (typically < 10 kΩ). The EMG signals were recorded from the 134 dominant arm; the electrodes were located on the UT, MT, LT, SA, and AD muscles.
135
The electrodes were placed parallel to the presumed direction of the muscle fibers, 136 according to SENIAM recommendations (Hermens et al., 2000) . For the SA, electrodes 137 were placed according to a previous study (Lehman et al., 2008) . The position of each 138 electrode on the skin was marked with a hypoallergenic pencil to ensure the location of 139 the electrodes. Finally, an accelerometer was placed in the lateral region of the arm. The participants were assigned through simple random sampling (random 144 number generator) to one of two groups: low-velocity or high-velocity. Both groups 145 performed a voluntary arm raise task in the scapular plane under two conditions: no- ). In the no-fatigue condition, the participants were instructed to reproduce the 154 movement velocity following the established rhythm of a metronome; they practiced the 155 movement at least two times prior to the measurements. This task was executed 156 voluntarily, without interruptions, and in the presence of visual (opened eyes), 157 somatosensory (gravity effect on the upper limb) and auditory information 158 (metronome), in order to ensure the task was "predictable" (Kanekar & Aruin, 2015) .
159
Participants rested for 5 min before completing the fatigue condition. was discontinued when the participant reached a score equal to or greater than 8, and 179 were not able to maintain the bilateral arm elevation. Once fatigued, participants again 180 performed the voluntary arm raise task. Finally, the EMG signals of the scapular 181 muscles (UT, MT, LT, and SA) and the AD were recorded, and the average of three 182 trials performed by each group, and under condition (no-fatigue or fatigue), was 183 calculated. A signal-to-noise ratio of less than 20% was confirmed in all the signals.
184
Additionally, the arm elevation and fall times were calculated through accelerometry. Two participants (one from each group) were not included in the analysis 227 because these presented EMG signals with excessive noise and artifacts. Therefore, the 228 following results consider 22 participants for each group (low-velocity and high-229 velocity). There were not significant differences in BMI between groups (p > 0.05). The (Table 2 ). In addittion, the AD was activated 250 significantly earlier than UT. The above significant differences presented a large effect 251 size. In the fatigue condition of this same group, the first muscle activated was the SA, 252 followed by the AD, UT, LT and MT (Fig. 2b) . However, the repeated measures 253 ANOVA did not revealed a main effect for muscle (F 4 = 0.91; P = 0.458; ηp² = 0.04). In the no-fatigue condition of high-velocity group, the first muscle activated was 265 SA, followed by the LT, MT, AD and UT (Fig. 2c) . The repeated measures ANOVA 266 showed a main effect for muscle with a large effect size (F 4 = 14.93; P< 0.0001; ηp² = 267 0.41). Post-hoc analysis showed that the SA and LT muscles were activated 268 significantly earlier than the AD and UT; and the SA was activated significantly earlier 269 than the MT (Table 2) . Conversely, in the fatigue condition of this same group, the first 270 muscle activated was the UT followed by the AD, SA, LT and MT (Fig. 2d) . The (Table 2) . Our results indicate that the velocity of movement and muscular fatigue modify 279 activation latency and scapular muscle recruitment order during a voluntary arm raise 280 task. Specifically, (1) activation latency of the UT muscle showed early activation in the 281 condition of fatigue and high velocity movement, in comparison to the other conditions 282 (no-fatigue and low velocity). In addition, (2) the order of recruitment was significantly 283 different during the arm raise task at different velocities; at low velocity and with no 284 muscle fatigue, the order of recruitment was MT, LT, SA, AD, and UT; at high velocity 285 and with no muscle fatigue, the order of recruitment was SA, LT, MT, AD, and UT, 286 exhibiting a pattern of recruitment similar to the initial condition; and finally, at high 287 velocity and with muscle fatigue, the recruitment order was UT, AD, SA, LT, and MT, 288 which is a considerable variation compared to the two previous conditions. 289 290
Onset latency of scapular muscles 291
This is the first report regarding the simultaneous influence of velocity and 292 fatigue on scapular muscle latency and recruitment order during an arm raise task. The
293
UT was the only muscle that exhibited a decrease in activation latency with the presence 294 of fatigue and high velocity arm raise movements, modifying the latency from 26.8 to -
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15 activation latency of the shoulder complex did not vary with increased velocity in an 297 arm raise task, among a sample of healthy participants. This motor task was performed 298 in the presence of no muscular fatigue, and involved arm raises with 90° range of 299 movement in the scapular plane. Only one report analyzed the influence of scapular 300 muscle fatigue; this study found an increase in activation latency in the fatigued 301 scapular muscles during sudden arm fall from a 90° position of abduction, under 302 conditions of visual, auditory, and somatosensory deprivation (Cools et al., 2002) . In the 303 present investigation, the task was characterized as predictable and voluntary, since the 304 participants had visual (opened eyes) and somatosensory (effect of gravity on the upper 305 limb) information, before and during the arm raise task (Kanekar & Aruin, 2015) . In 306 addition, auditory cues (metronome) helped to regulate the velocity of arm elevation 307 during the different conditions. This allows for anticipated activation of the scapular 308 muscles in order to maintain joint stability. In this context, the differences observed in 309 the present study, as compared to the previous reports, can be attributed to the nature of 310 the motor task employed in each study (Mendez-Rebolledo et al., 2016) , and the 311 simultaneous presence of fatigue and high velocity in the execution of the movements.
312
Based on the previous research, it is likely that fatigue is the determining 313 condition for this modification in muscular latency during movement execution at high 314 velocity. One possible explanation for this decrease in UT latency is the type of fiber in 315 each compartment of the trapezius muscle. The LT has a high proportion of type I fibers 316 (resistant to fatigue) while the UT has a high proportion of type II fibers (non-resistant 317 to fatigue) (Lindman et al., 1990; Lindman et al., 1991; Larsson et al., 2001) . Due to 318 these histochemical characteristics, the fibers of the UT fatigue faster, generating Falla et al., 2009; Ge et al., 2012) . On the contrary, the fibers of the LT and MT are 321 more resistant to fatigue and maintain their activation with no major variations. This is 322 based on the results by Westgaard and De Luca (2001) who showed that the inferior 323 fibers of the trapezius muscle have a larger proportion of low threshold motor units 324 which are usually associated with muscle fibers with higher aerobic capacity and 325 therefore are able to activate for longer periods compared to high threshold motor units.
326
Therefore, the observed changes in muscle recruitment might be explained by the 327 different peripheral properties of the scapular muscles. However, it is also likely that 328 central adjustments influenced the recruitment order as it has been shown that the 329 central nervous system may change the recruitment strategy to satisfy the demands of 330 the task (Strang & Berg, 2007; Mendez-Rebolledo et al., 2016) . In this context, the large 331 standard deviation (variability) of the muscle onset latencies of the groups may mask 332 potential differences. This could be potentially explained by different neural strategies 333 used by the participants during the arm elevation, despite that the demands of the task (Sugamoto et al., 2002; Prinold et al., 2013; Gaudet el al., 2017) . This 369 greater demand in the kinematics is reflected by the scapular muscles through a greater 370 EMG amplitude of the stabilizing muscles (SA) (Gaudet et al., 2017) and, according to 371 the results of this study, a relatively stable recruitment order: SA, LT, MT, AD, and UT.
372
However, in the presence of muscular fatigue, the UT modifies its motor control 373 strategy by decreasing its activation latency and considerably modifying the scapular 374 recruitment pattern: UT, AD, SA, LT, and MT. According to our results, the decrease in 375 UT muscle latency significantly influenced the muscular recruitment order, primarily 376 because of the presence of fatigue during the high velocity arm movement. These fast 377 movements are commonly observed in sport activities involving the upper limb, e.g., 378 baseball, basketball, athletics (throwing), and volleyball (Hirashima et al., 2002; Kibler 379 et al., 2007) . In this context, it is likely that in the fatigued (high-velocity) condition, the 380 UT was part of an anticipatory postural adjustment as the onset was prior to AD, which 381 contrasted with the non-fatigued condition. Previous research has shown an over-382 activation of the UT in subjects with shoulder dysfunction (Ludewig & Cook, 2000; 383 Larsen et al., 2013; Kara et al., 2017) ; therefore, it could be tempting to suggest that an 384 earlier onset of UT activation during a fatiguing task could increase the risk of injury.
385
However, the upper limb sports mentioned above may require an earlier activation of 386 the UT during a fatigued condition to satisfy the demands of the movement. Therefore, 387 this recruitment pattern would be necessary to enable the performance of the task. These 
Limitations 393
Despite the interesting findings reported in this study we must acknowledge 394 some limitations. The muscle activation latency was based on a threshold of three 395 standard deviations from the resting EMG. Di Fabio (1987) supports the use of this 396 method due to its reliability and maximum comparability between studies. In addition,
397
Hodges & Bui (1996) indicate that this criterion is widely used during dynamic 398 contractions because it reduces the negative influence of artifacts and signal-to-noise 399 ratio. In spite of this, it is necessary to use caution when making comparisons between 400 studies, bearing in mind the method of obtaining muscle activation latency. In addition, current study is the lack of investigation of the deeper muscles, however, these muscles 409 are difficult to assess with intramuscular EMG during highly dynamic tasks. 
